Introduction
Low oxygen tension is not only a pathophysiological component of many human disorders, including cancer, heart attack, and stroke, but it is also critically important in normal fetal development and cell differentiation (Chen et al., 1999; Giaccia et al., 2004) . The transcription factor hypoxia-inducible factor-1 (Hif-1) has emerged as the central regulator of hypoxic gene expression (Bunn and Poyton, 1996; Kaelin, 2002; Giaccia et al., 2003; Semenza, 2003; Liu and Simon, 2004) . Hif-1 is a heterodimer consisting of two subunits, Hif-1α and Hif-1β, both of which are basic helix-loop-helix/Per-Arnt-Sim domain proteins (Kaelin, 2002) . Transcriptional activation by Hif-1 occurs upon its binding to the hypoxia response element (HRE) within its target genes. Whereas Hif-1β protein is constitutively ex pressed, Hif-1α protein is subject to rapid degradation by oxygen-dependent proteolysis (Ohh and Kaelin, 1999; Ivan et al., 2001; Jaakkola et al., 2001; Chan et al., 2002; Min et al., 2002) .
Under hypoxic conditions, Hif-1α protein is stabilized, initiating a multistep pathway of activation that includes nuclear translocation, dimerization with its partner Hif-1β, recruitment of transcriptional coactivators, and binding to the HREs of Hif-1 target genes (Kallio et al., 1998) .
Endochondral bone formation is a two-stage mechanism; chondrocytes fi rst shape a template, the "cartilage anlage," in which osteoblasts then differentiate to form bone (Erlebacher et al., 1995; Karsenty, 2003; Kronenberg, 2003; Provot and Schipani, 2005) .
The chondrocytic fetal growth plate is virtually avascular, but it requires blood vessel invasion to be substituted by bone (Vu et al., 1998; Zelzer et al., 2002) . We previously showed that the fetal growth plate has an out-in gradient of oxygenation. More importantly, by using a Cre-lox strategy with a Col2a1 promoter-driven Cre (Col2a1-Cre) and a fl oxed Hif-1α allele, we provided evidence that Hif-1α is essential for cell growth and survival of growth plate chondrocytes in vivo, as chondrocytes lacking functional Hif-1α undergo massive cell death in the center of the growth plate (Schipani et al., 2001; Pfander et al., 2003) . However, this genetic model did not allow us to address the role of Hif-1α in early chondrogenesis, as deletion of Hif-1α occurred in cells that were already committed to become chondrocytes.
Hif-1α regulates differentiation of limb bud mesenchyme and joint development R ecent evidence suggests that low oxygen tension (hypoxia) may control fetal development and differentiation. A crucial mediator of the adaptive response of cells to hypoxia is the transcription factor Hif-1α. In this study, we provide evidence that mesenchymal condensations that give origin to endochondral bones are hypoxic during fetal development, and we demonstrate that Hif-1α is expressed and transcriptionally active in limb bud mesenchyme and in mesenchymal condensations. To investigate the role of Hif-1α in mesenchymal condensations and in early chondrogenesis, we conditionally inactivated Hif-1α in limb bud mesenchyme using a Prx1 promoter-driven Cre transgenic mouse. Conditional knockout of Hif-1α in limb bud mesenchyme does not impair mesenchyme condensation, but alters the formation of the cartilaginous primordia. Late hypertrophic differentiation is also affected as a result of the delay in early chondrogenesis. In addition, mutant mice show a striking impairment of joint development. Our study demonstrates a crucial, and previously unrecognized, role of Hif-1α in early chondrogenesis and joint formation.
An essential and specifi c function of differentiated chondrocytes is matrix synthesis. We have also recently reported that hypoxia and Hif-1α support cartilaginous matrix formation (Pfander et al., 2003 (Pfander et al., , 2004 . Thus, we speculated that hypoxia and Hif-1α may be permissive factors in chondrocyte differentiation.
The goal of this study was to investigate the roles of Hif-1α in the formation of mesenchyme condensations, in the commitment of mesenchymal cells toward chondrocytes, and in early stages of chondrocyte differentiation.
Results

Limb bud mesenchyme and mesenchymal condensations express Hif-1
To evaluate the role of Hif-1α in limb bud mesenchyme, we fi rst ascertained the presence of hypoxia in precartilaginous condensations by injecting the hypoxia marker EF5 into pregnant female mice at embryonic day (E) 12, a stage at which precartilaginous condensations are well formed and chondrocytes are just starting to differentiate (Lee et al., 1996) . EF5 bound mesenchymal condensations that give origin to both the axial (Fig. 1, A and B) and the appendicular skeleton (Fig. 1, D and E), whereas, with the exception of the skin, no signifi cant binding was detected in the surrounding soft tissues. These data demonstrate that mesenchymal condensations that give origin to the endochondral skeleton are hypoxic during development.
Consistent with the EF5 detection, whole mount in situ hybridization showed detectable Hif-1α mRNA in the limb bud mesenchyme and in axial condensations as early as E10.5 (unpublished data). This expression persisted in limb bud mesenchymal condensations and in axial condensations at E11.5 and E12.5 (unpublished data). A similar pattern of Hif-1α protein was detected by whole mount immunohistochemistry at E10.5 (Fig. 1, C and F) and by immunohistochemistry at E12 (Fig. S1 , A and B, available at http://www.jcb.org/cgi/content/full/jcb .200612023/DC1). Notably, Hif-1α protein was also highly expressed in the apical ectoderm of the limb bud at E13.5 (Fig.  1 F) . No staining was seen in embryos treated with secondary antibody alone (unpublished data).
In summary, mesenchymal condensations in both limb bud and forming axial skeleton are highly hypoxic and express Hif-1α.
5XHRE-LacZ reporter mice express
LacZ in limb bud mesenchyme and in mesenchymal condensations
We then evaluated the transcriptional activity of Hif-1α in limb bud mesenchyme by generating two types of hypoxia-inducible reporter mice. Five HREs were placed in front of either a retroviral E1b or murine hsp68 promoter fragment, driving the LacZ reporter gene to create the 5XHRE-E1b/LacZ and 5XHRE-hsp/ LacZ transgenes, respectively (Fig. 2 A) . The 5XHRE-E1b fragment has previously been used to successfully direct a hypoxia-specifi c induction of luciferase in cell culture (Shibata et al., 1998) . The hsp68 promoter fragment is a well-characterized promoter capable of being activated in distinct patterns by Figure 1 . Mesenchymal condensations are hypoxic, and Hif-1 is expressed in limb bud mesenchyme. The EF5 staining (B and E) and corresponding bright-fi eld (BF) views (A and D) of developing axial skeleton (A and B) and forelimb (D and E) of E12 mouse embryo show the hypoxic tissues. The boxed area (developing axial skeleton) and the area outlined by a dashed line (presumptive digital ray) indicate the regions shown for the EF5 staining. A blowup of two hypoxic mesenchymal condensations is shown in B. Whole mount immunohistochemistry for Hif-1α protein (C and F), on E10.5 mouse embryo shows that Hif-1α protein is detected in the somites, giving rise to the axial skeleton (C) in limb bud mesenchyme (F, asterisk) and in the apical ectoderm (F, arrowhead).
defi ned heterologous enhancer elements in transgenic mice (Sumiyama and Ruddle, 2003) . Neither the hsp68 nor E16 fragment alone is activated by hypoxia.
To confi rm that the 5XHRE enhancer fragment used in our transgenic models was also hypoxia inducible in vivo, E8.5 5XHRE-E1b/LacZ embryos were cultured under normoxia or anoxic conditions for 24 h, and then analyzed for LacZ expression by X-gal staining (Fig. 2 B) . In contrast to embryos cultured at 21% oxygen, a high level of LacZ expression was observed in embryos exposed to 0% oxygen for 24 h. This fi nding demonstrates that the 5XHRE fragment used in our experiments is induced by hypoxia to drive reporter expression in vivo. Notably, the embryos kept in normoxic conditions did not show any detectable signal. Although it is conceivable that E8.5 embryos are mildly hypoxic in utero, the short half-life of β-galactosidase (Jacobsen and Willumsen, 1995) combined with the absence of stimulation of the reporter in the presence of oxygen likely explains this result. In addition, it is important to note that both the 5XHRE-E1b/LacZ and 5XHRE-hsp/LacZ are reporter constructs for both Hif-1α and Hif-2α; therefore, stimulation of these constructs in hypoxic conditions might also result in part from Hif-2α activity.
For either transgenic line, numerous founders were generated. For the purpose of our study, we have analyzed one 5XHRE-hsp/LacZ founder line in detail. Consistent with the EF5 fi ndings and the expression of Hif-1α mRNA and protein, whole mount β-galactosidase staining at E10.5 showed a high level of LacZ expression in the limb bud mesenchyme (Fig. 2 F) . This expression was even more evident at E12.5, and at this age it overlapped with regions of mesenchyme condensations (Fig. 2, G and H) . Similar to the expression of Hif-1α mRNA and protein, β-galactosidase staining was also detectable in axial condensations (Fig. 2, C-E) .
Collectively, these fi ndings support the model that Hif-1α is transcriptionally active in limb bud mesenchyme, in mesenchymal condensations of the limb bud, and in axial condensations. To dissect the role of Hif-1α in early chondrocyte differentiation, we conditionally inactivated Hif-1α in limb bud mesenchyme, using a Prx1 promoter-driven Cre transgenic mouse (Logan et al., 2002) , and a mouse homozygote for a fl oxed Hif-1α allele (Hif-1α f/f ; Schipani et al., 2001 ). The Prx1-Cre transgenic line expresses Cre recombinase prevalently in limb bud mesenchyme starting from E9.5 (Logan et al., 2002) . Both Hif-1α f/f and Prx-1 Cre mice were indistinguishable from wild-type animals (unpublished data). Newborn Hif-1α f/f ; Prx-1 Cre (CKO) mice, were viable, but had a characteristic shortening of both forelimbs and hindlimbs (Fig. 3 A, arrows ; the length of newborn tibia is 3.4 ± 0.3 mm in control vs. 1.5 ± 0.2 mm in Figure 2 . HREs are activated in condensed mesenchyme. Five HREs were placed before a minimal promoter (mp) fragment driving the LacZ reporter gene to generate a hypoxia-inducible (5XHRE-mp/LacZ) transgenic reporter mouse (A). X-gal staining of E8.5 5XHRE-mp/LacZ transgenic embryos cultured ex vivo under normoxic (21% oxygen) or anoxic (0% oxygen) conditions for 24 h indicates a good response of the construct to hypoxia (B; h, heart; ys, yolk sac). Whole mount X-gal staining on 5XHRE-mp/LacZ transgenic embryos of the indicated stage shows the transcriptional activation of HREs in somites (C), developing axial skeleton (D), and limb bud mesenchyme (F), and shows a particularly strong activation in condensed limb mesenchyme (G). The pink circles in F defi ne the margins of the limb bud. Sections of the developing axial skeleton (E) and condensed limb mesenchyme (H) show that the X-gal staining closely resembles that obtained with EF5 ( Figure 1 ). mutant; newborn ulna 3.9 ± 0.2 mm in control vs. 1.2 ± 0.5 mm in mutant). Real-time PCR analysis of genomic DNA extracted from newborn control and CKO paws, after removal of the skin, showed that effi ciency of deletion of the Hif-1α gene was 75 ± 2.5% at this age. The result is particularly substantial, especially in light of the tissue heterogeneity of the specimens. In addition, at E14.5, accumulation of Hif-1α protein was severely decreased in CKO forelimb autopod when compared with control (Fig. 6 A) . Given the nature of the immunohistochemistry, it is diffi cult to establish whether the remaining signal in the CKO autopod is background, or if it refl ects some residual Hif-1α protein.
Despite the report of Prx1-Cre expression in the skull and, to some degree, in the axial skeleton, but consistent with a robust expression of Cre in limb bud mesenchyme (Logan et al., 2002) , no obvious abnormalities could be observed elsewhere than in the limbs of mutant mice. Mutant limbs were severely shorter and misshapen in comparison to controls (Fig. 3 B) . This fi nding suggests that in the absence of Hif-1α, the process of endochondral bone development was severely impaired. Histological analysis of the limb proximal bones, i.e., of the stylopod and zeugopod, at birth confi rmed their extreme shortening, their severe deformities, and the massive central cell death phenotype concomitant to aberrant proliferation of viable chondrocytes (Fig. S2 , C-F, available at http://www.jcb.org/cgi/content/full/ jcb.200612023/DC1; and not depicted) that we previously reported in growth plates of mice in which Hif-1α had been conditionally inactivated in chondrocytes using a Col2a1 promoter-driven Cre (Schipani et al., 2001 ). The central cell death phenotype was already massive at E13.5 in the stylopod and zeugopod of CKO mice (Fig. S2 B ; and Fig. S4, F and H) .
To address the role of Hif-1α in early chondrogenesis, we then carefully analyzed the phenotype of CKO mice during early limb development (Fig. 4) . The online version of this article contains supplemental material. Surprisingly, no obvious histological evidence of spatially localized loss of cell viability could be histologically observed in the distal portion of the mutant limbs, i.e., in the autopod (see below). This result, i.e., lack of the central cell death phenotype in the CKO autopod, was clearly different from what we had observed in the CKO stylopod and zeugopod. We decided to take advantage of this fi nding, and in our subsequent analysis, we focused exclusively on the autopod. Normally, undifferentiated mesenchymal cells in the limb bud start to condense around E11.5, and cells differentiate into chondrocytes soon after (Bi et al., 2001 ). The precartilaginous condensations of E12.5 forelimbs appeared similar in CKO and control (Fig. 4, C and D) , as further confi rmed by both PNA staining (Fig. 4 , A and B) and Sox9 mRNA expression (Fig. 4, E and F) . Thus, our data suggest that Hif-1α is not required for the formation of precartilaginous condensations. Consistent with the undifferentiated state of the cells at this stage, Col2a1 mRNA was expressed at very low levels in both CKO and control limbs (Fig. 4, G and H) .
At E13.5, however, the CKO autopod presented a remarkable delay in cartilage formation compared with controls ( Fig. 5 , A-H, and not depicted). Cells in the cartilaginous elements of control limbs showed typical chondrocyte morphology, whereas cells in CKO condensations resembled undifferentiated mesenchymal cells, with no evidence of hyaline matrix in between (Fig. 5, E and F) . Alcian blue staining confi rmed the paucity of proteoglycan accumulation in the mutant autopod in comparison to the control element (Fig. 5, C and D) . Lastly, Col2a1 mRNA expression at this stage was slightly lower in mutant autopods than in controls (Fig. 5, G and H) .
At E14.5, histology and in situ hybridization analysis confi rmed a severe delay in chondrocyte differentiation in the forelimb autopod (Fig. 5, I -P, and not depicted). Col2a1 mRNA expression was signifi cantly lower in CKO compared with control, and, paradoxically, more intense in the distal, rather than in the proximal, portion of the mutant digital ray, whereas expression of Sox9, L-Sox5, and Sox6 mRNAs was similar in both mutants and controls (Fig. 5, I -L, and not depicted). Similar results were obtained in the E14.5 hindlimb autopod (unpublished data).
Collectively, these data indicate that Hif-1α is required for chondrogenic differentiation of mesenchymal cells, as lack of this transcription factor clearly delays the formation of cartilaginous mold.
CKO of Hif-1 in limb bud mesenchyme alters chondrocyte hypertrophy
The impairment in early chondrogenesis observed in CKO autopod could affect later steps of chondrocyte maturation, including hypertrophic differentiation. Consistent with this hypothesis, the autopod of E14.5 CKO forelimbs showed fewer regions of Indian hedgehog (Ihh) and Col10a1-expressing chondrocytes (Fig. 5, M-P) . In addition, the pattern of expression of Col10a1 mRNA was clearly abnormal in the mutant versus control, as Col10a1 mRNA was detected in the distal, but not in the proximal portion of the mutant digital ray (Fig. 5 P) . We do not have a good explanation for this abnormal distribution at the moment. Similar fi ndings were also observed in the autopod of E14.5 hindlimbs (unpublished data). The massive early loss of cell viability precluded a meaningful analysis of the effect of the loss of Hif-1α in early chondrogenesis in stylopod and zeugopod. However, we previously described that cell death is restricted to the core of the cartilaginous elements (Schipani et al., 2001 ), and we took advantage of this to assess the degree of hypertrophic differentiation (late chondrogenesis) of chondrocytes located away from the core. In situ hybridizations analysis of superfi cial sections obtained from E14.5 zeugopod and stylopod confi rmed Figure 5 . Hif-1 is required for early chondrocyte differentiation. H&E staining (A and B) of E13.5 forelimb autopod, and Alcian blue staining (C and D) of E13.5 distal portion of forelimb autopod, indicate an abnormal histology of the cartilage and an abnormal cartilaginous matrix production, respectively. At this stage, a blow up of cells present in the cartilaginous primordia indicates the presence of differentiated cuboidal chondrocytes in control (E) and undifferentiated mesenchymal cells in CKO autopod (F). In situ hybridization reveals that E13.5 CKO metacarpals (H) express slightly less Col2a1 mRNA at this stage than control (G). In situ hybridization with the indicated markers performed on E14.5 forelimb control and CKO autopods confi rms the dramatic delay in chondrocyte differentiation in the absence of Hif-1α (I-P).
a marked delay of hypertrophic differentiation in the mutant specimens (Fig. S2 , K-P).
The delay of chondrocyte hypertrophy persisted at later stages of development
Histological analysis at birth of the autopod of both forelimbs and hindlimbs showed a severe reduction of hypertrophic chondrocytes and bony trabeculae in the metacarpals, metatarsals, and phalangeal elements of the mutant mice when compared with control (Fig. 7, C and D; and Fig. S3, C and D, available at http://www.jcb.org/cgi/content/full/jcb.200612023/DC1). Consistent with these data, at P9, bony trabeculae were present in control, but not in CKO, tarsal bones (Fig. S3 , K and L; see the absence of pink staining in L), and no mineralized secondary ossifi cation center was detectable in the radius and ulna of CKO animals ( Fig. 8, E-F) . In addition, talus and calcaneus in CKO mice showed extensive cartilaginous remnants that were absent in control bones (Fig. S3, M and N, blue staining) .
In situ hybridization analysis of chondrogenic markers in the autopod of newborn hindlimbs further proved that removal of Hif-1α in limb bud mesenchyme retards hypertrophy (Fig. S4 , available at http://www.jcb.org/cgi/content/full/jcb .200612023/DC1). Expression of Ihh, Col10a1, and OP were completely absent from the region corresponding to the future phalangeal elements (Fig. S4 , E-J), indicating that no hypertrophic chondrocytes were present in these areas, as also shown by histological analysis (Fig. S3, C and D) . Furthermore, the distance between either the two Ihh or Col10a1 expression domains, as well as the extension of OP expression were signifi cantly reduced in the prospective metacarpals (Fig. S4 , E-H and I-J, respectively), suggesting that the overall replacement of cartilage by bone was signifi cantly delayed. Conversely, we observed an increase in Sox9 expression in CKO bones compared with controls (Fig. S4, C and D) . Because during endochondral bone development, Sox9 mRNA expression decreases over time, this observation further demonstrates that the CKO bones were, overall, younger than controls.
Collectively, our results show that Hif-1α is required for both early chondrogenesis and hypertrophic differentiation. Moreover, although we cannot exclude that the lack of Hif-1α directly affects hypertrophic differentiation, it is more likely that the impairment of hypertrophy is the indirect consequence of the initial delay in early chondrogenesis. Immunohistochemistry analysis revealed that accumulation of Hif-1α protein is particularly abundant in the prospective joints of E13.5 and E14.5 forelimb autopods, both in the digital rays and in the wrist (Fig. 6 A; and Fig. S1 , C and D). Consistent with this fi nding, in situ hybridization showed detectable VEGF mRNA expression, which is a classical target of Hif-1α, in the same regions, at a similar stage (Fig. 6 B) . In addition, analysis of EF5 staining demonstrated that the developing joints at E13.5 Figure 6 . Joints are hypoxic and express Hif-1 . (A) Immunohistochemistry for Hif-1α on E14.5 forelimb autopod shows a particularly strong expression in the joints of the digits (arrows) and in the articular region of the wrist (arrowheads), in addition to the hypertrophic chondrocytes (asterisk). This expression is signifi cantly reduced in CKO littermates (A'). In situ hybridization with a VEGF probe (B) closely resembles the Hif-1α protein expression pattern. EF5 staining indicates that the forming joints in the digits (C) and the articular region in the wrist (D) are highly hypoxic in E13.5 autopods. H&E staining indicates that the perichondrium surrounding the joints is particularly thick (E). Chondrocytes present at the articular surface remain hypoxic after joint cavitation, as indicated by EF5 staining of metacarpus (F) and elbow (G) of E15.5 forelimbs.
are highly hypoxic (Fig. 6, C and D) . Notably, careful histological analysis of the autopod at E13.5 revealed a remarkable thickening of an avascular perichondrium around the area of the future joints (Fig. 6 E) that persisted at E14.5 ( Fig. 7 A and Fig.  S3 A) . Moreover, at E15.5, after the joint space had formed, articular chondrocytes showed a signifi cantly higher degree of hypoxia than the rest of the cartilaginous element (Fig. 6, F and G) .
Collectively, these fi ndings support the working hypothesis that hypoxia and Hif-1α could be crucial for proper joint formation, particularly in the autopod, and that the thickening of the perichondrium could play a signifi cant role in contributing to the hypoxic status of interzone, and consequently, in modulating joint development. Consistent with this model, the digital ray was not yet segmented into metacarpal and phalange elements in CKO forelimbs at E13.5 and E14.5, whereas this segmentation had already occurred in control limbs (Fig. 5, A and B; and Fig. 7 , A and B, respectively). Distal joints, however, eventually developed at the right location in newborn CKO forelimbs (Fig. 7 , C and D). Similar results were also observed in the digital ray of the hindlimbs (Fig. S3, A-D) . No segmentation of the digital ray into metatarsal and phalange elements was yet evident at birth in CKO hindlimbs (Fig. S3 D) , whereas a defi nition of metatarsals and phalanges had already occurred at E14.5 in control elements (Fig. S3 A) . Also in this case, metatarsals and phalanges were eventually all properly segmented in 9-d-old (postnatal day [P] 9) CKO animals (unpublished data). Of note, thickening of the perichondrium was not affected in E13.5 and E14.5 mutant autopods (Fig. 5 B; Fig. 7 B; and Fig. S3 B) , further supporting the hypothesis that this event precedes specification of the joints and can, thus, have a critical role in joint development. We also looked at joints in stylopod and zeugopod of mutant mice and observed that, in contrast to control, the interzone that normally forms between the scapula and the humerus was still absent in E13.5 mutant limbs (Fig. S3, E and F) , suggesting that the role of Hif-1α in joint development is not limited to the autopod. At other sites, such as the elbow, the analysis was not conclusive, as a consequence of both the massive cell death and the severe deformities of the mutant elements (Fig. S3, G and H) .
The aforementioned joint phenotype was even more severe in the ankle and wrist, which are extremely hypoxic during development (Fig. 6 D and not depicted) . Consistent with the previously described impairment of early chondrogenesis, E14.5 CKO wrist had no defi ned cartilaginous elements, which was different from control (unpublished data). In newborn animals, the CKO wrists contained dislocated and extremely misshapen elements (Fig. 8, A and B) . The malformations persisted postnatally. At P9, despite an identical number of bones in mutant and control, many bones were still misshapen, and some only partially segmented (Fig. 8, A-F, c and 3 ) and/or dis located in the wrist of CKO animals (Fig. 8, C-F) . Similar, but more severe, abnormalities were observed in CKO ankles (Fig. S3, I-N) . Notably, the ankle of CKO mice was a single skeletal element at birth, whereas individual elements were present in control ankles (Fig. S3, I and J). At P9, all the expected bones were present in CKO ankle, but some were still only partially segmented (Fig. S3 , K and N; bones 2 and 3 are fused, and c is partially fused with 4/5).
Collectively, our data indicate that lack of Hif-1α severely affects joint development, but, at this stage, they do not allow us to distinguish whether delay of joint specifi cation or rather of joint cavitation was the cause of the phenotype. To address this issue, we looked at the expression of GDF5, a marker of joint specifi cation that is detected even before interzone regions can be recognized histologically, and that represents one of the earliest known markers for joint formation (Storm and Kingsley, 1996; Merino et al., 1999) . In E12.5 forelimbs, GDF5 mRNA appeared to be similarly expressed in the interdigital tissues of both CKO and control limbs (unpublished data). At E13.5, expression of GDF5 mRNA was already detectable in the control early prospective joints, but not in the CKO autopods (Fig. 7, E and F) , Figure 7 . Hif-1 is required for joint development. H&E staining of E14.5 (A and B) and newborn (NB; C and D) forelimb autopod shows a delay in joint development in absence of Hif-1α. In situ hybridization with a GDF5 probe on E13 (E and F) and E14.5 (G and H) forelimb autopods indicates the absence of joint specifi cation (F) and the subsequent abnormal joint development (H) in the absence of Hif-1α. The absence of some metacarpals in D results from an artifact of sectioning.
indicating a delay in joint specifi cation. At E14.5, control autopods presented strong, sharp stripes of GDF5 expression in the regions of prospective joints (Fig. 7 G) , whereas in CKO, GDF5 expression was weaker and diffuse (Fig. 7 H) , confi rming the requirement of Hif-1α for joint development. In addition, consistent with a severe delay of segmentation, cells occupying the future joint regions were still present in the autopod of newborn CKO hindlimbs and, although they did not have detectable levels of Col2a1 mRNA, they did express Sox9, and also, weakly and with a rather diffuse pattern, GDF5 mRNA (Fig. S4, B , D, and L, respectively).
Collectively, these fi ndings indicate that the delay in joint segmentation observed in CKO digital ray was secondary to a delay in joint specifi cation. Furthermore, they demonstrate that GDF5 is epistatic to Hif-1α during joint formation.
Global effect of hypoxia on gene regulation in cartilage
To defi ne the functional consequences of hypoxia in cartilage at the molecular level, and to get some insights into the molecular mechanism by which Hif-1α regulates early chondrogenesis and joint formation, metatarsals were isolated from E15.5 wild-type embryos and, after a few days in culture, exposed to 21 or 1% O 2 for 8 h.
At 1% O 2 , Hif-1α protein is stabilized and transcriptionally active (Bishop et al., 2004; Leo et al., 2004; Greijer et al., 2005) . Approximately 90% of the genes examined did not show any signifi cant difference in response to hypoxia, as genes displaying less than -1.5-to +1.5-fold change were considered within normal range (Fig. 9, A and B) . The genes modulated by hypoxia in chondrocytes belonged to a variety of biological categories, including transcription, cell cycle, apoptosis, adhesion, and angiogenesis (Fig. 9 C) . For a complete list of the hypoxiaregulated genes, see Table S1 (available at http://www.jcb .org/cgi/content/full/jcb.200612023/DC1).
In addition to classical hypoxia-regulated genes, numerous novel targets of hypoxia, some of which had been previously involved in endochondral bone development, were identifi ed (Fig. 9 D) . Interestingly, expression of the master transcription factors of chondrogenesis, Sox9, L-Sox5, and Sox6, which play a particularly important role in early chondrogenesis (Lefebvre et al., 1998; de Crombrugghe et al., 2001; Smits et al., 2001 Smits et al., , 2004 , was virtually identical in hypoxic and normoxic specimens. The same results were obtained using primary chondrocytes cultured in hypoxic conditions for 8 h (unpublished data). These data confi rm recently published fi ndings showing that the Sox family of transcription factors is not a target of hypoxia (Hirao et al., 2006) . GDF5, Wnt14, and Noggin are main regulators of joint development (Brunet et al., 1998; Storm and Kingsley, 1999; Hartmann and Tabin, 2001; Kingsley, 2001; Guo et al., 2004) . The abnormal GDF5 expression pattern observed in mutant mice raises the possibility that lack of Hif-1α may delay joint segmentation by interfering with GDF5 expression. We thus investigated whether the expression of these factors could be directly regulated by hypoxia. Microarray experiments showed that exposure to 1% hypoxia for 8 h did not signifi cantly induce GDF5 mRNA expression in metatarsal explants (Fig.  9 D) , suggesting that this factor is not a direct, transcriptional target of Hif-1α. In the same microarray assay, we also searched for levels of expression of Wnt14 and Noggin. As for GDF5, we did not observe any signifi cant difference in Wnt14 and Noggin mRNA expression in hypoxic versus normoxic conditions (Fig. 9 D) . The same results were obtained with primary chondrocytes cultured in hypoxic conditions for 8 h (unpublished data).
In the same assays, Col2a1, aggrecan, and hyaluronan synthases mRNAs were also not differentially regulated by hypoxia (unpublished data). Notably, however, expression of prolyl-4-hydroxylase α (I) (P4haI) mRNA was increased by approximately threefold after 8 h of exposure to hypoxia in both metatarsal explants (Fig. 9 D) and primary chondrocytes (not depicted). P4haI is a very well-documented gene of the hypoxia signature that is directly regulated by Hif-1α (Takahashi et al., 2000) , and it plays an essential role in matrix accumulation by controlling posttranslational modifi cations of the α-I chain of collagen molecules. Collectively, our results demonstrate the complexity of the hypoxia response in cartilage, and show that genes involved in posttranslational modifi cations of collagen, such as P4haI are up-regulated by hypoxia in chondrocytes.
Hif-1 controls chondrogenesis and joint development independently of cell death and angiogenesis
In contrast to the stylopod and zeugopod, and consistent with our histological fi ndings, no detectable TUNEL-positive cells were found in the cartilaginous elements of either control or CKO autopod, whereas positive cells were observed, as expected, in the interdigital space of both (Fig. 10, A and B, and not depicted). These results indicate that the abnormal chondrogenesis in the autopod of CKO limbs cannot be attributed to cell death.
Hif-1α controls angiogenesis, at least in part, by regulating expression of VEGF (Kotch et al., 1999) . In the growth plate, VEGF is important for both chondrocyte survival and blood vessel invasion (Gerber et al., 1999; Maes et al., 2002; Maes et al., 2004; Zelzer et al., 2004) . Thus, we looked at VEGF mRNA expression by in situ hybridization in E14.5 forelimbs. Consistent with previous studies , we observed that at this stage, VEGF mRNA was not detectable in chondrocytes forming the digital ray of control specimens, despite accumulation of Hif-1α protein (Fig. 6 B) . This fi nding argues against a role of VEGF downstream of Hif-1α in early chondrogenesis.
To investigate whether removal of Hif-1α in limb bud mesenchyme would alter angiogenesis with yet unknown mechanisms, we then analyzed the expression of VEGF-receptor2 (VEGFR2), which is a marker of endothelial cells (Ferrara et al., 2003) . At both E12.5 and E14.5, VEGFR2 mRNA expression was comparable in the soft tissue surrounding the precartilaginous and cartilaginous elements, respectively, of control and CKO (Fig. 10, C and D and E and F) . Notably, at E14.5, this marker was also detectable in the bone collar of control elements (Fig. 10 E) , whereas CKO forelimbs lacked the bone collar structures at this age because of their delay in hypertrophic differentiation (Fig. 10 F and not depicted) . The relative percentages of genes regulated in function of their fold induction or repression is indicated. Only the genes found to be at least 1.5-fold induced or repressed with a good P-value were considered to be regulated (see Materials and methods for all of the parameters used to fi lter the genes). (C) Genes regulated upon 8 h of hypoxia are involved in many diverse biological processes. A selection of a few regulated genes and their respective fold induction or repression is given in D. The genes located between −1.5-and +1.5-fold are not considered signifi cantly regulated.
These data indicate that lack of Hif-1α does not significantly impair angiogenesis in CKO limbs. Thus, the abnormal endochondral bone development observed in CKO bones is not caused by a global reduction of angiogenesis in the mutant limbs, but by direct effects on differentiation.
Discussion
This is the fi rst study reporting the novel fi nding that Hif-1α regulates differentiation of limb bud mesenchyme. Lack of Hif-1α in limb bud mesenchyme impairs both early and late stages of chondrogenesis and joint development (Fig. 10 G) . This critical role of Hif-1α in differentiation during embryonic development occurs without signifi cant loss of cell viability and is not secondary to impairment of angiogenesis.
Limb bud mesenchyme and mesenchymal condensations express Hif-1
Our study demonstrates that limb bud mesenchyme and mesenchymal condensations specifically express Hif-1α, as detected by in situ hybridization, and immunohistochemistry. Moreover, analyses of 5XHRE-LacZ reporter mice suggest that Hif-1α (and perhaps Hif-2α, which also binds to HRE) is transcriptionally active in this tissue. Although hypoxia is not the only regulator of Hif-1α transcriptional activity (Zelzer et al., 1998; Zundel et al., 2000) , the hypoxic status of the mesenchymal condensations in the limb bud suggests, however, that hypoxia is likely a critical modulator of Hif-1α at this level.
Interestingly, at E10.5, Hif-1α mRNA and protein are also detected in the adjacent ectodermal area, particularly in the apical ectodermal ridge, which has an essential role in patterning (Mariani and Martin, 2003) . Further studies will be needed to investigate the role of Hif-1α in the apical ectodermal ridge.
Lack of Hif-1 affects both early and late chondrogenesis
Hypoxia and Hif-1α support cartilaginous matrix accumulation (Pfander et al., 2003; Pfander et al., 2004) and are permissive factors in chondrocyte differentiation. The novel CKO model described in this study, demonstrates that Hif-1α is dispensable for mesenchyme condensations, but is important for early chondrogenesis. The absence of phenotype in E12.5 CKO limbs, despite Hif-1α expression, indicates that, at this stage, either this factor does not have a signifi cant biological role, or that other redundant factors compensate for the lack of Hif-1α. Given the possibility that part of the X-gal staining observed using 5XHRE-LacZ reporter mice might be generated by Hif-2α, a putative role of this factor in endochondral bone development could be an interesting area of future research.
Our working model is that condensation of the mesenchyme leads to local hypoxia, and this stabilizes Hif-1α and increases its transcriptional activity. The transcription factors Sox9, L-Sox5, and Sox6 (the Sox trio) are required for chondrogenesis by regulating expression of cartilaginous matrix proteins, such as collagen II and aggrecan, at the transcriptional level (Lefebvre et al., 1998; Bi et al., 1999 Bi et al., , 2001 Smits et al., 2001 Smits et al., , 2004 Akiyama et al., 2002) . Consistent with previous fi ndings (Robin et al., 2005; Hirao et al., 2006) , expression of Sox9, L-Sox5, and Sox6 mRNAs was not signifi cantly affected by the lack of Hif-1α or hypoxia in our study. The discrepancy with the study by Robin et al. (2005) could be related to the different experimental model, as they analyze mesenchymal cell lines in vitro.
We had previously reported that hypoxia leads to increased accumulation of collagen II protein in primary chondrocytes in vitro, and that this protein accumulation is Hif-1α-dependent (Pfander et al., 2003) . In contrast, expression of Col2a1 mRNA is not modulated by exposure to hypoxia for either 8 or 22 h (Pfander et al., 2003 ; this study). Thus, Col2a1 is likely not a Figure 10 . Hif-1 regulates early chondrogenesis and joint development. TUNEL assay (A and B) performed on E14.5 forelimb autopods does not reveal any signifi cant cell death in the absence of Hif-1α (B) in this tissue and at this stage. (C-F) In situ hybridization using a VEGFR2 probe (which marks endothelial cells) on E12.5 (C and D) and E14.5 (E and F) forelimbs does not indicate any detectable angiogenic problem in CKO autopod (G). Lack of Hif-1α alters differentiation in the absence of cell death and without impairing angiogenesis. A model for Hif-1α regulation of early chondrocyte differentiation and joint development.
target gene of Hif-1α. Interestingly, hypoxia and Hif-1α upregulate the expression of P4haI ( Fig. 9 ; Takahashi et al., 2000) , which is a critical enzyme in posttranslational modifi cations of collagens. This suggests that, in the absence of Hif-1α, abnormalities in matrix accumulation could be caused, at least in part, by an impairment of posttranslational modifi cations of collagens. In our study, we observed very low levels of Col2a1 mRNA expression at E14.5 in mutant skeletal elements compared with control; the difference was much more subtle at E13.5, and no difference was noticeable at E12.5. These fi ndings are consistent with the observation that hypoxia does not control transcription of the Col2a1 gene, and they suggest that the reduced levels of Col2a1 mRNA observed, particularly at E14.5, could be the indirect consequence of the initial delay in the formation of the cartilaginous mold. An abnormal matrix accumulation, which is a result, at least in part, of a defect of posttranslational modifi cations of collagens and, consequently, an impaired cell-matrix interaction could be the at the origin of this initial delay.
It is thus tempting to speculate that, whereas the Sox trio regulates chondrogenesis by up-regulating transcription of matrix proteins such as collagen II, hypoxia and Hif-1α may have a permissive role in chondrogenesis, at least in part, through modulation of posttranslational modifi cations of collagen II. This would result in a fi nal "cooperative" effect of these transcription factors on chondrogenesis.
Consistent with our previous data , lack of Hif-1α delays not only early chondrogenesis, but also hypertrophy of mature chondrocytes. The delay of hypertrophic differentiation that we observe in the CKO limbs is likely the consequence of the impairment of early chondrogenesis.
Lack of Hif-1 alters joint development
In this study, we provide evidence that the joint space is highly hypoxic during embryonic development, and that Hif-1α regulates joint development. Lack of Hif-1α severely delays segmentation of the digital rays, and results in partial fusion of small carpal and tarsal bones. Notably, except for a few tarsal and carpal bones, our CKO mice do form synovial joints of normal appearance, after the initial developmental delay. It is still unclear whether carpal and tarsal bones originate from one single precursor or multiples. In light of both several publications (Shubin and Alberch, 1986; Settle et al., 2003) and our data showing that some carpal bones that are fused early on (Fig.  8 A) are fully segmented later (Fig. 8 C) , it is possible that several carpal and tarsal bones are formed through the segmentation of bigger precursors. Thus, it is plausible that a common defi ciency of segmentation is at the origin of the defects observed both in the wrist/ankle and in the digits of CKO mice.
This impairment of segmentation is secondary to a delay of joint specifi cation, as indicated by the lack of histological and molecular evidence of the interzone in E14.5 CKO distal bones. Interestingly, however, whereas GDF5 is genetically downstream of Hif-1α in the prospective joints, mRNA expression of GDF5, Wnt14, and Noggin, which are critical regulators of joint development, are not modulated by hypoxia. This indicates that other factors are involved downstream of Hif-1α in joint development (Fig. 10 G) . Notably, thickening of the perichondrium is not affected in E13.5 and E14.5 mutant autopods, further supporting the hypothesis that this event precedes specifi cation of the joints and can thus have a critical role in joint development.
No abnormalities in joint segmentation were noted in CKO of Hif-1α in chondrocytes using a Col2a1 promoter (Schipani et al., 2001 ). This observation is consistent with the hypothesis that lack of Hif-1α affects very early stages of joint development. As chondrogenesis and joint formation are tightly coupled (Kornak and Mundlos, 2003) , it is possible that the impairment of joint formation observed in CKO mice is secondary to the delay of early chondrogenesis. However, the high level of expression of Hif-1α in the hypoxic interzone, the severity of the phenotype, and the lack of joint problems in numerous other in vivo models of delayed endochondral bone development indicate that, in our CKO mice, the delay in joint formation is probably not only the consequence of the delay of early chondrogenesis.
Lack of Hif-1 alters differentiation in absence of cell death and without impairing angiogenesis
In contrast to what we observed in the stylopod and zeugopod of both Col2a1-Cre (Schipani et al., 2001 ) and Prx-1-Cre-Hif-1α CKO, the Prx-1-Cre-Hif-1α autopod does not show signs of cell death, at least not early in development. This fi nding allows us to conclude that the altered chondrogenic differentiation observed at these sites in absence of Hif-1α is not caused by cell death. We do not understand why Hif-1α is not a critical survival factor for chondrocytes in the autopod, but a potential explanation could rest on the geometry and thickness of these specimens. Nevertheless, these experiments allow us to distinguish for the fi rst time the effect of Hif-1α on differentiation from its effects on survival.
An important question was whether the effect of Hif-1α on chondrocyte differentiation is cell autonomous, or rather non-cell autonomous, which we analyzed through modulation, for example, of angiogenesis in the surrounding soft tissue. Indeed, because the Prx-1 promoter is uniformly active in the limb bud mesenchyme before any condensation occurs, it was formally possible that a uniform knockout of Hif-1α in limb bud mesenchyme could affect angiogenesis, and that this, in turn, would impair chondrogenesis. In our study, we provide evidence that apparent distribution and number of blood vessels is not substantially different in CKO distal limbs versus controls. This observation indicates that impairment of angiogenesis is not the cause of the altered chondrocyte differentiation observed in CKO mutant mice.
Collectively, we propose that mesenchymal condensation or thickening of the avascular perichondrium creates a hypoxic environment, which in turn leads to Hif-1α protein stabilization that then positively regulates early chondrocyte differentiation and joint development (Fig. 10 G) . This critical and previously unrecognized role of Hif-1α in early chondrogenesis and joint formation should spur future experiments to determine the critical effectors of Hif-1α that regulate cell differentiation.
Online supplemental material Fig. S1 shows Hif-1α protein expression in early mesenchymal condensations and in prospective joints. Fig. S2 describes the phenotype of the stylopod and zeugopod of CKO animals characterized by early cell death, disorganized growth plate chondrocytes, and delayed hypertrophy. Fig.  S3 presents the abnormal joint development in CKO hindlimb autopods/ ankles and in CKO stylopods (shoulder) and zeugopods (elbow). Fig. S4 describes the abnormal distribution of chondrogenic and joint-specifi c markers in CKO hindlimb paws. Table S1 lists the genes regulated in metatarsal explants exposed to hypoxia for 8 h. The online version of this article is available at http://www.jcb.org/cgi/content/full/jcb.200612023/DC1.
